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j.2013.02Abstract The microbes can hydrolyze urea by urease enzyme to produce ammonium as well as car-
bonate ions and in the presence of calcium ions which can precipitate calcium carbonate; this pro-
cess is called ‘‘biocalciﬁcation’’ or microbial induced calcite precipitation (MICP).This technology is
environmentally friendly not only because it gives strength to sand body, but also it allows water to
penetrate to sand body, which is unlike silicate cement that will destroy the ecosystem of the earth.
Calcium carbonate precipitated by bacteria acts as a binding material to sand particles, so incom-
pact sand will be consolidated. Calcium chloride, calcium acetate and calcium nitrate (1 M) as cal-
cium sources were tested for their ability to consolidate sand by mixing with urea (1 M) and bacteria
cells (one optical density, 1 OD). The key point of this study aimed to choose the suitable calcium
source which produces higher compressive strength and lower water absorption. The results showed
that the degree of crystallinity and amount of precipitated calcium carbonate, as well as the conse-
quent increase in strength of consolidated sand, in case of calcium chloride medium are higher than
those precipitated in case of calcium acetate as well as calcium nitrate media. In addition, consol-
idated sand by calcium chloride was also used for cement mortar crack remediation.
ª 2013 Production and hosting by Elsevier B.V. on behalf of Housing and Building National Research
Center.Introduction
Microorganisms and microbially mediated mineralization pro-
cesses are active in almost every environment on earth [1,2]. In.com (H.A. Abdel-Gawwad).
using and Building National
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.001natural environments, chemical CaCO3 precipitation (Ca
2þþ
CO23 ! CaCO3 #) is accompanied by biological processes,
both of which often simultaneously or sequentially occur.
Microbes from soils and aqueous media have been frequently
reported to induce the precipitation of calcium carbonate
mineral phases in both natural and laboratory settings [3].
Because of this, microbial activity is regarded as an important
player in the formation of carbonate sediments and soil
carbonate deposits [4]. A number of studies have investigated
carbonatemineralization induced bymicrobes [5] including that
by soil bacteria [6–8].
Microorganism-induced sand bioconsolidation has been
previously considered for sand improvement [9,10]. The bestousing and Building National Research Center.
Table 1 Chemical composition of sand and cement, wt.%.
Oxide,% SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 TiO2 P2O5 L.O.I Total
Sand 97.78 0.88 0.45 0.03 0.01 0.25 0.10 0.01 0.10 0.03 0.23 99.89
Cement 21.09 4.79 3.65 61.78 2.71 0.22 0.12 3.11 – – 2.50 99.97
Fig. 1 XRD diffractogram of sand.
Fig. 2 Water absorption of consolidated sand mixed with
(1 OD) of bacterial cells and (1 M) equimolar of urea/calcium
chloride, calcium acetate or calcium nitrate after four treatments.
Fig. 3 Compressive strength of consolidated sand mixed with
(1 OD) of bacterial cells and (1 M) equimolar of urea/calcium
chloride, calcium acetate or calcium nitrate after four treatments.
Fig. 4 XRD diffractograms of consolidated sand mixed with
(1 OD) of bacterial cells and (1 M) equimolar of urea/calcium
chloride calcium acetate or calcium nitrate and after four treatments.
186 S.A. Abo-El-Enein et al.studied mechanism is the ureolytic pathway in which microor-
ganisms degrade urea by the intracellular enzyme urease, pro-
ducing HCO3 and NH3. The latter is converted into NH
þ
4 ,
giving alkalinization of the medium, and HCO3 is converted
into CO23 . When the calcium ion is present and oversaturation
to calcite is reached, calcium carbonate precipitation is induced
by these microorganisms. The cohesion of sand particles by bio-consolidation is insufﬁcient for use in ordinary constructional
components.However, it can be very useful in geotechnical engi-
neering to prevent or stabilize erosion and produce increased
slope stability [10]. Sporosarcina pasteurii [11] is the most com-
monly used bacterial species for sand bioconsolidation.
Utilization of microbial induced calcite precipitation 187For crack repair, a variety of techniques is available but tra-
ditional repair systems have a number of disadvantageous as-
pects such as different thermal expansion coefﬁcient compared
to concrete and environmental as well as health hazards.
Therefore, bacterially induced calcium carbonate precipitation
has been proposed as an alternative and environmentally
friendly crack repair technique.
Microbiologically enhanced crack remediation (MECR)
utilizes CaCO3 as a biological byproduct, which has shown a
wide range of application potential as a sealant [12,13]. Its pro-
spective applications include remediation of surface cracks and
ﬁssures in various structural formations, in-base and sub-base
stabilization, as well as surface soil consolidation.
The objective of this investigation is to study the effect of
different calcium sources on the physico-mechanical properties
of microbial sand consolidation to facilitate utilization in soil
stabilization and mortar crack remediation.Experimental
Materials
Microorganisms
Bacteria species which is called S. pasteurii (previously known
asBacillus pasteurii) NCIMB 8841, obtained from the NationalFig. 5 TGA and DTA thermograms of consolidated sand mixed wi
chloride after four treatments.Collection of Industrial and Marine Bacteria, England was
used in this study. The aerobic organism is a moderately
alkalophilic (growth optimum pH 9.25) and it was shown that
sufﬁcient activity for biocementation could be cultivated in
non sterile conditions with a minimum of upstream and
downstream processing. S. pasteurii, is a common bacterium
naturally occurring in the subsurface, such as aerobic
microorganism. In addition, cells of S. pasteurii are not
aggregate; this ensures a high cell surface to volume ratio,
a condition that is essential for efﬁcient cementation
initiation.Culture media
S. pasteurii was cultivated under aerobic batch conditions
in 20 g/l yeast extract and 10 g/l ammonium chloride. pH
medium was adjusted to 9 by 4 N NaOH before
autoclaving.Sand and cement
The materials used in this investigation are ordinary Portland
cement (OPC) which was provided by Helwan Cement Com-
pany, Egypt, Sand from El-Wasta Area, Beni Suif governor-
ate, Egypt. The chemical and mineralogical compositions are
given in Table 1 and Fig. 1.th (1 OD) of bacterial cells and (1 M) equimolar of urea/calcium
Fig. 6 TGA and DTA thermograms of consolidated sand mixed with (1 OD) of bacterial cells and (1 M) equimolar of urea/calcium
acetate after four treatments.
188 S.A. Abo-El-Enein et al.Methods of investigation
Sand consolidation
The S. pasteurii cells required for the treatment were initially
grown on solid nutrient medium and transferred twice onto
fresh medium to ensure purity of the culture. A single colony
was then transferred to liquid medium, for 24 h at 37 C under
agitation, the cells were spun down in a centrifuge at 4000 cy-
cle/min for 10 min. After centrifuging, the supernatant was re-
moved. Cores for cementation consisted of 50 ml plastic
syringe that were dry packed with 150–300 lm Si-sand under
continuous vibration to give an even density then up ﬂushed
with water and tapped to remove air pockets. After ﬂushing
with water, the volume occupied by sand decreased due to
the lubrication effect between the sand particles and stopper
was adjusted to maintain a conﬁning pressure. 100 ml of
bacteria solution (1 OD) was ﬁrstly injected into the sands
from top of syringe and a beaker was put under the injector
to take it; when the solution was fully exudative, the mixture
of (1 M) urea and (1 M) of each of calcium chloride, calcium
acetate or calcium nitrate solutions followed. It is obvious that
the solution in the beaker was still of use, at least was worked
for a second time. Four successive treatments were done after
24, 48, 72 and 96 h for the ﬁrst, second, third and fourth treat-
ments, respectively.Crack remediation
Cement mortar cubes with dimensions of 50.8 · 50.8 · 50.8 mm
(2 · 2 · 2 in.) were cast according to the ASTM [14] speciﬁca-
tion. A thin copper plate of 0.3 mm thickness was introduced
in the fresh mortar paste up to a depth of 20 mm and length
of 50 mm. Sand was injected into artiﬁcial cracks of cement
mortar after 28 days curing at room temperature. During next
48 h, 10 ml of cells (1 OD) and equimolar (1 M) of urea/CaCl2
were injected into artiﬁcial crack at 12 h intervals.
Water absorption
The cores of consolidated sand were removed from syringe
after four treatments then cured under tap water for 24 h.
The water absorption measurements were done by weighing
the saturated specimens (W1) and dried specimens in oven at
80 C for 24 h (W2). The water absorption was calculated from
the following equation: ASTM [15]
Water absorption; % ¼ ½ðW1 W2Þ=W1  100Compressive strength
This test was carried out for four specimens following the pro-
cedure described by ASTM [16]. The surface of the specimens
was carefully polished on ﬁne paper in order to remove irreg-
ularities. To help transmit the load to the specimen’s faces uni-
Fig. 7 TGA and DTA thermograms of consolidated sand mixed with (1 OD) of bacterial cells and (1 M) equimolar urea/calcium nitrate
after four treatments.
Utilization of microbial induced calcite precipitation 189formly pieces of cardboard 2 mm thickness were placed on
both faces. Compressive strength measurements were carried
out using ﬁve tons German Bru¨f Pressing Machine with a load-
ing rate of 100 kg/min.
X-ray diffraction (XRD)
The crystalline phases present in the prepared samples and
mixes were identiﬁed using the X-ray diffraction technique.
Nickel-ﬁltered Cu-ka radiation at 40 kV and 20 mA was used
throughout a Philips PW3050/60 diffractometer, provided with
a proportional counter. A scanning speed of 2h/min, and a
chart speed of 10 mm/min, were used in all cases.
Thermo gravimetric analysis (TGA)
The apparatus used in the present study was TGA-50 Thermal
Analyzer (Schimadzu Co. Tokyo, Japan). A dried sample of
about 50 mg (53 lm) was used with a heating rate of
20 C/min under dynamic nitrogen atmosphere.
Differential thermal analysis (DTA)
Differential thermal analysis (DTA) was carried out by heating
the sample in nitrogen atmosphere up to 1000 C with a heating
rate 20 C/min using a DT-50 Thermal Analyzer (Schimadzu
Co-Kyoto, Japan). The results were compared with DTA stan-
dard data [17].
Scanning electron microscopy (SEM)
The scanning electron microphotographs were obtained with
Inspect S (FEI Company, Holland) equipped with an energydispersive X-ray analyzer (EDAX). It is used to examine the
microstructure of the fractured composites at the accelerating
voltage of 200 V to 30 kV and power zoom magniﬁcation up to
300,000·.
Results and discussion
Sand consolidation
Water absorption
The water absorption of consolidated sand by mixing with
(1 OD) of bacterial cells and (1 M) equimolar urea/calcium
chloride, calcium acetate or calcium nitrate after four treat-
ments is graphically represented in Fig. 2. Comparing water
absorption values of consolidated sand, it can be said that
water absorption value of sand consolidated by bacterial cells
and calcium chloride is lower than that consolidated by bacte-
rial cells and calcium acetate or calcium nitrate. This is due to
that the amount of calcium carbonate precipitated by bacterial
cells and calcium chloride is greater than those precipitated in
case of calcium acetate or calcium nitrate which leads to more
ﬁlling of open pores and, therefore, decreases the water
absorption. This result is conﬁrmed by the values of weight
loss obtained by TGA as reported later in this study Figs. 5–7.Compressive strength
The compressive strength of consolidated sand mixed with
(1 OD) of bacterial cells and (1 M) equimolar of urea/calcium
  
 
Fig. 8 SEM micrographs of consolidated sand by mixing with (1 OD) of bacterial cells and (1 M) of urea and (1 M) of different calcium
sources; calcium chloride (a), calcium acetate (b) or calcium nitrate (c) at two different magniﬁcations [(300 lm for a1, b1 and c1) and
(50 lm for a2, b2 and c2)] after four treatments.
190 S.A. Abo-El-Enein et al.chloride, calcium acetate or calcium nitrate after four treat-
ments graphically plotted against type of calcium source in
Fig. 3. Considering the effect of calcium source on the com-
pressive strength of microbial consolidated sand, the compres-
sive strength value of consolidated sand treated by calcium
chloride is greater than that treated with calcium acetate or
calcium nitrate, respectively. This is attributed to the fact that,
bacterial cells precipitated more amount of rhombohedral cal-
cium carbonate in case of calcium chloride medium, as previ-
ously discussed and as shown later in the SEM micrographs
of this investigation (Fig. 8), which binds sand particles to-
gether more than that of spherical and little amounts of rhom-
bohedral calcium carbonate that precipitated in case of
calcium acetate and calcium nitrate media. On the other hand,
the consolidated sand in calcium nitrate medium gives the low-
er compressive strength than that of calcium chloride and cal-
cium acetate; this is due to that the nitrate ion acts as aninhibitor for urease enzyme activity [18] which reduces
amounts of precipitated calcium carbonate on sand matrix
and, therefore, decreases the compressive strength. Also, the
compressive strength in case of calcium acetate is greater than
that in case of calcium nitrate due to the amount of precipi-
tated calcium carbonate in case of calcium acetate is greater
than precipitated in case of calcium nitrate.
XRD analysis
Fig. 4 presents the XRD diffractogram of consolidated sand
by (1 OD) of bacterial cells and (1 M) equimolar of urea/cal-
cium chloride, calcium acetate or calcium nitrate. However,
the results of SEM examination (reported later in Fig. 8) indi-
cated that the amount of calcite crystals precipitated by bacte-
rial cells and calcium acetate is more than that precipitated by
bacterial cells and calcium nitrate; meanwhile, the XRD dif-
fractogram (Fig. 4) showed that the calcite peak of calcium
Utilization of microbial induced calcite precipitation 191carbonate precipitated by bacterial cells and calcium nitrate is
more intense than that precipitated by bacterial cells and cal-
cium acetate. This might be attributed to the higher degree
of crystallinity of calcium carbonate formed by bacteria and
calcium nitrate; XRD analysis gives an indication for the crys-
talline part of calcium carbonate, while the amorphous part is
weakly detected. On the other hand, the intensity of the peaks
characteristic for calcium carbonate crystals precipitated by
bacterial cells and calcium chloride is stronger than that pre-
cipitated by bacterial cells and calcium nitrate; this is due to
the decrease in activity of urease enzyme as retarded by nitrate
ions [18] leading to a decrease in the amounts of precipitated
calcium carbonate crystals and, a consequent decrease in peak
intensity of calcium carbonate.Fig. 9 SEM micrographs of bacterial cells (b) present on the
surface of calcite crystals.Thermogravimetric analysis (TGA)
Figs. 5a, 6a and 7a show the TGA thermograms for consoli-
dated sand by (1 OD) of bacterial cells and (1 M) equimolar
of urea/calcium chloride, calcium acetate or calcium nitrate,
respectively. The TGA results showed that, the weight loss
of consolidated sand calcium chloride set (12.66%) is greater
than those of calcium acetate set (10.42%) or calcium nitrate
set (6.68%). This is attributed to the larger amounts of calcium
carbonate precipitated by bacterial cells and calcium chloride
as compared to those precipitated by bacterial cells and cal-
cium acetate or calcium nitrate.Fig. 10 Compressive strength of control (C-0), untreated (C-1)
and treated (C-2) crack of cement mortar after 28 days.Differential thermal analysis (DTA)
Figs. 5b, 6b and 7b illustrate the DTA thermograms for con-
solidated sand by (1 OD) of bacterial cells and (1 M) equimo-
lar of urea/calcium chloride, calcium acetate or calcium
nitrate, respectively. The endothermic peaks at 47.12–
63.46 C are related to moisture in the consolidated sand; the
endothermic peak located at 584.88–585.35 C is mainly attrib-
uted to aﬁ b quartz transformation. The exothermic peaks
located at 342.93 and 427.83 C are mainly due to decomposi-
tion of the organic acetate and the endothermic peaks at
215.17 as well as 472.50 C are related to decomposition of or-
ganic matter from culture media [19]. The endothermic peaks
located at 730.63–812.87 C are mainly attributed to decompo-
sition of calcium carbonate. Obviously, the endotherms char-
acteristic for calcium carbonate indicated that the
precipitated calcium carbonate content of consolidated sand
by bacterial cells and calcium chloride is higher than those of
consolidated by bacterial cells and calcium acetate or calcium
nitrate; this is clearly understood from differences in the shape
and intensity of calcium carbonate endotherms shown in Figs.
5b, 6b and 7b. In addition, the endothermic peaks of calcium
carbonate are decomposed at a wider temperature range
(730.63–812.87 C) in case of calcium chloride set than those
in case of calcium acetate set (791.15–807.17 C) and calcium
nitrate set (739.17 C). This means that the calcium carbonate
precipitated in case of calcium chloride is more crystalline than
that formed in case of calcium acetate or calcium nitrate. This
tends to decrease the water absorption and therefore, increase
compressive strength. The exothermic peaks located at 918.63–
930.52 C is related to decomposition of pseudo-wollastonite
(CS) phase [17].Scanning electron micrographs (SEM)
Fig. 8 illustrates the SEM micrographs of consolidated sand
(Q) by mixing with 1 OD of bacterial cells and (1 M) equimo-
lar of urea/different calcium sources [CaCl2, Ca(CH3COO)2 or
Ca(NO3)2]. The SEM micrographs displayed major variations
in the morphology and microstructure of the calcite formed
with different calcium sources. In case of calcium chloride
the bacterial precipitated rhombohedral calcium carbonate
(CC) as shown in Fig. 8 at two different magniﬁcations
(a1:300 lm and a2:50 lm); in case of calcium acetate, spherical
crystals of calcium carbonate (b1 and b2) were formed by enzy-
matic bacteria. Finally, little amounts of microcrystalline
192 S.A. Abo-El-Enein et al.rhombohedral calcite crystals could be distinguished on the
surface and within sand grains in calcium nitrate medium (c1
and c2); little holes also appeared on the surface of CaCO3
rhombohedral crystals (Fig. 9). These holes were interpreted
to be the casts of former bacteria. It can be seen that, the num-
ber of open pores in case of calcium nitrate is greater than that
in case of calcium chloride and calcium acetate. This is due to
the fact that the activity of bacterial cells was retarded by ni-
trate ions [18] which leads to the precipitation of little amounts
of calcium carbonate and, therefore, increase the extent of
open pores and the subsequent decrease in compressive
strength as shown in Fig. 3. On the other hand, the size of cal-
cite crystals formed in case of calcium chloride is greater than
those formed in case of calcium acetate and calcium nitrate.
This leads to precipitate more calcium carbonate in the open
pores as previously discussed.
Mortar crack remediation
The compressive strength of untreated (C-1) and treated (C-2)
crackmortar specimens, bymixingwith (1 OD) of bacterial cells
and equimolar (1 M)of urea/(1 M)of calcium chloride, and con-
trol cement mortar (C-0) is graphically represented in Fig. 10. It
was found that compressive strength of untreated crack (C-1)
mortar is lower than that of control sample (C-0) by 43%which
improved after remediation (C-2) leading to a lowering in
strength of 10% than that of control sample. This is mainly
due to chemical bonding between CaCO3 precipitated by bacte-
rial cells and sand particles which consolidate the crack space.
Conclusion
1. The consolidated sand by bacterial cells and urea/calcium
chloride gives best physico-mechanical properties (higher
compressive strength and lower water absorption) than
those consolidated by bacterial cells and urea/calcium
acetate or urea/calcium nitrate.
2. The size, morphology and degree of crystallinity of precip-
itated calcite by bacterial cells depend on the calcium source
used.
3. The amount and degree of crystallinity of precipitated
calcite by bacterial cells in case of calcium chloride are
greater than those precipitated in case of calcium acetate
or calcium nitrate.
4. Nitrate ions cause retardation of urease activity of bacterial
cells.
5. The phenomena of sand consolidation by bacterial cells can
be utilized in mortar crack remediation.References
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